Listing's law (LL) states that 3D-eye positions lie in a plane, when they are described as single-axis rotations from the primary position. This implies that the degrees of freedom of eye movements are reduced from three to two. Various hypotheses exist, regarding the implementation of LL. These include facilitation of binocular vision, optimization of oculomotor control, and mechanical constraints in the orbit. We recorded the 3D-eye position during saccadic scanning in the chameleon, to investigate whether LL is valid in an animal with different anatomical and behavioral characteristics compared to primates. We show that in chameleons, the eye position obeys LL with a high precision. Since the anatomical arrangement of the orbit in chameleons is very different from that in primates, and binocular fused vision is virtually absent, we suggest that in the chameleon, LL mainly optimizes oculomotor control.
Introduction
The eye can be rotated in its orbit by six extraocular muscles. The arrangement of these muscles allows three rotational degrees of freedom for the eye. None the less, in primates, there is a reduction in the degrees of freedom of the eye from three to two: Listing's law is valid in primates and states that, while looking around without moving the head, all three-dimensional (3D) eye positions lie in a plane, when described as single rotations from a certain reference position (Helmholtz, 1867; Henn, 1997) . Up to date, there is controversy about the nature and the function of Listing's law. Several hypotheses have tried to explain its implementation in the oculomotor system, including facilitation of binocular vision (Hepp, 1995; Tweed, 1997) , optimization of oculomotor control (Hepp, 1990) , and mechanical constraints of eye muscles and periorbital tissue (Schnabolk & Raphan, 1994; Demer, Miller, Poukens, Vinters, & Glagow, 1997) . However, all oculomotor studies up to now were limited to primates. Therefore, their conclusions are limited and only valid within the constraints of primate oculomotor behavior. In studies dealing with movements with more than 3 degrees of freedom, i.e. arm pointing (Miller, Theeuwen, & Gielen, 1992) and eye-head coordination in 3D, it was shown for human and non-human primates (e.g. Misslisch, Tweed, & Vilis, 1998; Crawford, Ceylan, Klier, & Guitton, 1999 ) that the implementation of LL cannot be explained merely by mechanical constraints, underlining the argument in favor of a neuronal, rather than a mechanical process.
We recorded 3D eye position in the chameleon, an animal that is phylogenetically distant from primates and has a different oculomotor system, in order to look at a possible reduction of the degrees of freedom. The chameleon is an arboreal lizard and has in common with primates that it depends strongly on visual sensory information, and that it has foveate eyes (Ott, 1997) . Therefore, it has to move its eyes in order to obtain visual information about the environment with a high spatial resolution. However, considerable anatomical and behavioral differences exist between primates and chameleons.
Firstly, chameleons have an extremely large oculomotor range of about 180 deg horizontally and 90 deg vertically and a specialized orbital anatomy that makes this possible. The eye can almost entirely bulge out of the orbit and is protected by an eyelid that is anatomically fused to the eyeball (see Section 2), and leaves only the pupil uncovered. In comparison, the oculomotor range of humans is about 80× 70 deg (Tweed & Vilis, 1990 ) and 60× 45 deg for rhesus monkeys (Suzuki, Straumann, & Henn, 2000) .
Secondly, the eyes of the chameleons are laterally placed with respect to the head. Consequently, the view of the chameleon is panoramic, and optic flow patterns that result from locomotion or head movements are different from that in primates.
Finally, the eyes move separately during saccadic scanning (Ott, Schaeffel, & Kirmse, 1998; see, however, Frens, van Beuzekom, Sándor, & Henn, 1998) . Thus, Hering's law of equal innervation is obviously not valid in the chameleon, and there is no fixed orientation of the eyes with respect to each other. However, during fixations that directly precede prey catching, chameleons change their oculomotor behavior and use binocular fixation (Flanders, 1985) .
Methods

Animals and regulations
Experiments were performed on three Panther chameleons (Furcifer pardalis). Housing, as well as all operations and experiments were carried out according to the regulations of the Veterinary Office of the Canton of Zurich and the European Communities Council Directive of 24 November 1986 (86/609/EEC) and in accordance with the guidelines set by the animal welfare committee of the University Hospital of Zü rich.
Setup, eye position recording technique and control for head mo6ements
Chameleons have the natural tendency to sit motionless for long periods of time, except for their frequently moving eyes. During these periods, eye movements without any interfering head movements could be recorded. Head and body were restricted by a foampadded head-frame and a body-holder to keep the animals rigidly within the linear range of the recording system.
We measured 3D eye position during spontaneous eye movements in a laboratory environment with the magnetic search coil technique using a three-field system (Remmel system, modified by A. Lasker; for details, see Straumann, Zee, Solomon, Lasker, & Roberts, 1995) .
To obtain miniature dual search coils for 3D-eye movement measurements, two 2D search coils (Sokimat, Switzerland, outer diameter: 0.8 mm, weight: 0.5 mg) were aligned orthogonally to each other and stabilized by crazy glue (3M, Switzerland). The diameter of both coils was 0.8 mm. The weight of the coil assembly was about 1 mg.
In addition, a single 2D-search coil was attached to the head in order to detect any small head movement that could occur despite the head fixation system. Data files where small attempted head movements occurred (controlled by the 2-D search coil) were not analyzed.
Eye position and head-coil signal were sampled at a frequency of 1000 Hz per channel using a Pentium PC and stored on hard disk for off-line analysis
Calibration
To determine dual search coil sensitivities, in-vitro calibration was done according to Straumann et al. (1995) . In brief, voltage offsets were nulled by connecting the search coils to the detector and then placing them in a metal tube that shielded the magnetic fields. Gains of the three magnetic fields were determined by mounting the connected dual search coil on a gimbal and recording maximal induced voltages in each field.
For in-vivo calibration to obtain eye in space reference position, the experimenter observed the corneal reflex of a torch in the chameleon's eye through a pinhole. The position of this pinhole was fixed in space and positioned in the reference direction that corresponded to the center of the oculomotor range. Eye positions when the corneal reflex appeared in the middle of the pupil were marked in the data file at least five times consecutively. Reference position was defined as the mean of the marked eye positions. This allowed determining the eye in space position with an accuracy of a 2 deg visual angle.
Data representation and analysis
In this paper, 3D eye positions are represented as rotation vectors (Haustein, 1989) . The reference position was in the center of the oculomotor range for each eye and was defined by in-vivo calibration as described above. Every eye position was described by a 3D vector. The direction of this vector is given by the direction of the rotation axis from the reference position to the current eye position. The vector length is tan(h/2), with h being the angle of rotation.
The coordinate system used is head-fixed and righthanded. It is defined such that the x, y, and z components correspond to torsional, vertical, and horizontal eye positions, respectively. Note that the lateral-eyed chameleon is oriented with its snout in the positive y-direction, therefore looking in a positive x-direction with its right eye. Positive directions for the right eye are extorsion, down and left, according to the righthand rule. The left eye looks in a negative x-direction when looking to the animal's side. If Listing's law (Helmholtz, 1867 ) is valid, all eye positions can be described by rotation vectors that lie approximately in one plane (Haustein, 1989) . Originally, data were described as rotation vectors with the reference position placed in the center of the oculomotor range (see above). Then, the data were rotated to align Listing's plane with the xy-plane of a new coordinate system. Plane thickness, defined as the standard deviation of the data pointing along the perpendicular to the plane of rotation vectors, was calculated.
Placement of the search coils
In chameleons, the eyelid closely follows the movements of the eyeball. Therefore, the eyelid position is a good indicator for eye position (Kirmse, Kirmse, & Milev, 1994) . In order to further substantiate this point, we dissected four chameleon eyes and found a circular anatomical fusion perilimbally between eyeball and eyelid. Therefore, eye movements could be recorded with dual search coils that were glued to the eyelid at the point of its anatomical fusion with the sclera. After the experiment, the coils were removed.
Furthermore, in order to formally check whether the eye ball and the eye lid are functionally fused in all eye positions and in all degrees of freedom, we recorded simultaneously from two dual search coils in one animal (RO). One coil was placed on a small scleral implant (IMP) that penetrated the eyelid (for surgery, see Section 2.6), the second glued to the eyelid (LID) in a way that was identical to all other experiments. The difference between IMP and LID during eye movements was very small without any significant slippage (see Section 3) showing that the anatomical fusion between eyeball and eyelid is stable for all three dimensions.
Surgery
Experiments where we recorded from the coils on the lid required no surgery. For the implementation of the coil on the sclera of RO, surgery was performed under pentobarbital narcosis, supplemented by isoflurane. The eyelid was opened, and a small plastic plate (2.5 mm× 1 mm× 0.5 mm) was stitched to the sclera, lateral to the limbus. A small rod (length 1.5 mm, diameter 1 mm) that was glued to the plate penetrated the eyelid in a way that did not interfere with the lid during eye movements. During the experiments, a miniature dual search coil was glued to the implant. Neither implant nor dual search coils interfered with the orbit.
Results
The oculomotor range in each of the three tested chameleons was larger than 180 deg horizontally and 90 deg vertically. Eye position, when plotted three dimensionally as rotation vectors, closely scattered around a plane, Listing's plane (Fig. 1) .
The amount of scatter in the eye position component orthogonal to the plane, referred to as 'plane thickness', was about 2 deg (see Table 1 ) when expressed as standard deviation for the entire oculomotor range. We estimated the torsional range of the eye by pitching an animal with up to 30°with respect to gravity, thus inducing static ocular counterroll. Torsional eye movements showed a range of up to 12°deg, far exceeding the range measured during the saccades.
As mentioned in Section 3, we recorded simultaneously from one dual search coil placed on a small scleral implant (IMP) and a second glued to the eyelid (LID) in one animal. The standard deviation of all differences between IMP and LID was on average 0.61 deg torsionally, 1.55 deg vertically and 2.55 deg horizontally (see Fig. 2 ).
Consequently, characteristics of eye movements and Listing's plane were similar between IMP and LID and also to the recordings from the other two animals, in which the search coils were glued to the fusion area during experiments (see below).
In order to test whether higher-order surfaces, rather than a flat plane, would be a better description of the data, we divided the data in 5× 5 separate local regions. The middle section was centered around the median eye position. We fitted independent planes through these smaller sections of eye position. No significant differences (ANOVA, P\ 0.05) were observed between the orientation of these locally fitted planes, which shows that all local orientations are equal. Thus, we found no proof for a curved surface.
Discussion
Our main finding is that eye position in chameleons, when plotted three-dimensionally as rotation vectors, scatters around a plane (Listing's plane, Fig. 1 ). Therefore, as in primates, despite the considerable anatomical and behavioral differences, Listing's law is fulfilled in chameleons.
Chameleons are arboreal lizards that have a specialized prey-catching strategy, which is reflected in their anatomy and behavior. Their skin color closely matches their natural habitat, and they spend most of their time sitting on a branch waiting for potential prey. For better camouflage, they tend to sit motionless on a branch for long periods of time, except for their frequently moving eyes, scanning their environment for prey. Chameleons have an extremely large oculomotor range of about 180°horizontally and 90°vertically and a specialized orbital anatomy that makes this possible. The eye can almost entirely bulge out of the orbit and is covered by an eyelid that leaves only the pupil uncovered. During eye movements, the lid closely follows the eyeball. We dissected four chameleon eyes and found a circular anatomical fusion perilimbally between eyeball and eyelid. To determine whether this fusion is stable in three dimensions during eye movements, we recorded simultaneously from one dual search coil placed on a small scleral implant and a second glued to the eyelid at the point, where the lid is anatomically fused to the sclera. We found only small differences between the relative positions of the two dual coils and consequently practically the same eye movement characteristics. This proves that the anatomical fusion is also functionally stable, i.e. that the eyelid indeed closely follows movements of the eyelid and that eye movements can be recorded by placing a search coil externally on the eyelid at the place where the fusion is located. This is important, as chronically implanted search coils as routinely used in monkeys cannot be used in chameleons for anatomical reasons. Based on the above findings, it was possible to characterize chameleon eye movements in two more animals by gluing the miniature dual coils to the eyelid at the point of its anatomical fusion with the sclera for the recordings and removing them after each experiment.
The precision of the implementation of Listing's law shows in the amount of scatter in the eye position component orthogonal to the plane. It is called 'plane thickness', and, expressed as standard deviation, it was about 1.8° (Table 1) for the entire oculomotor range (larger than 180 deg horizontally and 90 deg vertically in each animal). In rhesus monkeys, with a relatively small oculomotor range of about 60°horizontally and 45°vertically, the plane thickness is in the order of 0.7-1.9°, depending on the alertness of the animal (Suzuki et al., 2000) , and in humans it is 1.2-1.9 deg (Tweed & Vilis, 1990) . We also found that Listing's plane in the chameleon is, similarly to primates, flat over the whole movement range rather than a 2D, but curved, surface. Thus, even though the thickness of Listing's plane in the chameleon is somewhat larger compared to primates, the shape is similar. Note, however, that the conclusion that LP is flat in primates is based upon a much smaller oculomotor range, and could be a small part of a principally curved surface.
Listing's law applies in the chameleon with a high precision and is therefore valid within a second branch of vertebrate phylogeny. It applies despite the essentially monocular control of eye movements (Frens et al., 1998; Ott et al., 1998) . Therefore, binocular vision cannot account for its implementation. Looking at the large anatomical and functional differences between primate and chameleon oculomotor systems, it seems unlikely that Listing's law in chameleons is purely a consequence of mechanical constraints in the orbit as proposed for primates (Schnabolk & Raphan, 1994; Demer et al., 1997) .
If Listing's law is valid, eye movements follow the shortest lines (geodesics) between positions (Hepp, Van Opstal, Suzuki, Straumann, Hess, & Henn, 1997) . For fast changes of eye orientation, as during saccadic eye movements, this optimizes speed of eye position change and minimizes energy consumption, which is even more important, when the chameleon's large oculomotor range is considered. Hepp et al. (1997) predicted the implementation of Listing's law in chameleons to be based on its motor advantages. While in primates, they consider Listing's law to be visuomotor, they hypothesize that solely motor advantages might account for its implementation in chameleons.
In conclusion, data from the chameleon show that Listing's law is not a result of the anatomical and behavioral characteristics that are specific for primates. Our data are compatible with the notion that it might optimize oculomotor control in the chameleon. Whether Listing's law is a widespread principle in vertebrate phylogeny needs to be shown by studies on more species.
